TiO 2 fibers with catalytic PdO particles are of interest for use as porous catalytic converters to react NO x and CO to control air pollution. The fibers are first electrospun as template polymer fibers. The template polymer fibers are calcined to form the ceramic fibers. The electrospinning solution composition significantly affects the average fiber diameter and fiber morphologies (beads) which in turn affect the catalyst performance. In this work, solutions containing Polyvinylpyrrolidone (PVP), Titanium (IV) Isopropoxide (TTIP), and Palladium (II) Chloride (PdCl 2 ) were electrospun with the goal of fabricating beadless submicron composite fibers. The fibers were calcined to produce ceramic TiO 2 submicron fibers with Palladium oxide (PdO) nanoparticles.
INTRODUCTION
Submicron diameter fibers are of scientific interest due to their unique physiochemical properties including large specific surface areas, mechanical properties, various surface functionalities, and optical properties. These properties enhance the performance of fibers in multifunctional fiber media in filtration, biomedical applications, catalyst supports, fuel cell membranes, sensor technologies, semiconductors and composite materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Electrospinning is a popular and versatile technique to fabricate nonwoven fiber mats of fibers with diameters in nanometer to micron ranges [12] [13] [14] [15] [16] .
In the electrospinning process, a polymer solution is pumped to the tip of an electrically charged nozzle to form a droplet. The electrical potential of the nozzle is elevated until the electrical forces exceed the surface tension forces of the liquid droplet. The ensuing imbalance in the forces causes a jet to launch from the liquid droplet. The solvent in the liquid jet evaporates as the jet moves towards a grounded collector surface and the jet dries to a solid fiber. To optimize the nanofiber production and control fiber morphology, a number of parameters affecting the electrospinning process can be varied [17] [18] [19] [20] [21] [22] .
Ceramic fibers are obtained by electrospinning polymer solutions containing ceramic precursor material blended with the polymer. The electrospun polymer fibers are calcined to form the ceramic fibers from the polymer template fibers. The polymer template fibers may contain metal or metal oxide catalyst particles that, when calcined, produce ceramic fibers with catalyst particles. The calcination conditions depend on the temperature needed to oxidize the carbon and hydrogen atoms of the polymer to ensure the complete degradation of polymeric fiber. Ceramic alumina fibers with catalysts fabricated in this way have been successfully used to catalytically react NO and CO gases from engine exhausts with high efficiency [23] [24] .
Studies have been conducted on the effects of solution compositions and electrospinning conditions on the morphologies of the electrospun polymer fibers; of particular interest are the effects on the fiber diameters and the formation of beads on the fibers. But the effects of solution compositions of PdCl 2 salt on the morphology of the fibers have not been extensively explored. http://www.jeffjournal.org Volume 10, Issue 3 -2015 Although TiO 2 nanofibers with PdO particles were fabricated in our previous study, beaded-fiber morphologies were observed [25] . The formation of beads is undesired in some applications because they consume material (ceramic support material and catalyst particles) and reduce the surface area per unit mass. To obtain better reaction kinetics, it is desired to increase the exposed surface area of the TiO 2 fibers. Hence, the motivation of this work is to eliminate of beads on the TiO 2 nanofibers.
The goal in this work was to determine conditions favorable to produce beadless submicron TiO 2 ceramic fibers with PdO particles. Optimization of the parameters lessens the waste of polymer along with palladium catalyst and increases the yield of ceramic fiber production. As Palladium is expensive, the electrospun fiber support structure offers a means to minimize the amount of Palladium catalyst needed for the reaction.
The effects of different solvent ratios and concentrations of salts (LiCl, NaCl, MgCl 2 ) on bead formation in polymer fibers have been observed [26] . Usually the presence of the salt particles changes the solution properties which affect the fiber morphologies. PdCl 2 is also a salt, but its effects on bead formation have not been systematically studied.
Solution properties such as viscosity and surface tension have been studied to some extent in the case of TiO 2 fibers electrospun from Polyvinylpyrrolidone (PVP) dissolved in ethanol [13, 15] . The effects of the presence of other metal ions were studied as well [27] [28] [29] [30] [31] [32] [33] . The solution properties of viscosity, surface tension, and electrical conductivity are known to affect fiber morphologies [34] . But the presence of PdCl 2 particles in the solution has not been studied along with their effect on intrinsic solution properties. In this present work PVP and PdCl 2 weight percentages were varied to observe how their concentrations affect the solution properties and the resulting TiO 2 fiber diameters and formation of beads.
Although the calcination conditions have some effect on the fiber diameter, in our current study we only applied a single calcination temperature. The focus here is on the solution properties and their effect on fiber morphologies. Moreover the bead formation primarily depends on the properties of the polymer solution and is not significantly affected by the calcination conditions.
EXPERIMENTAL Materials
The electrospinning solutions were prepared by dissolving 1.05 g PVP (Molecular weight = 1.3×106 g/mol; Aldrich) in a solvent blend of 5 ml of N, NDimethylformamide (DMF) (Anhydrous, 99.8% min., DriSolv, purchased from EMD Chemicals Inc.), 5 ml of acetone (ACS reagent grade, purchased from EMD Millipore) and 5 ml of ethanol (purchased from Pharmaco-Aaper) to form the polymer solution of 8 wt% PVP. Here 0.03 grams of PdCl 2 (99.999%, Sigma Aldrich) were dissolved in 15 ml of the PVP solution to form the PVP+PdCl 2 solution of 0.001g salt/ml solution [25] . The DMF and Acetone solvents were used to help to dissolve the PdCl 2 particles to obtain homogeneous polymer solutions.
Titanium (IV) isopropoxide (TTIP, Sigma Aldrich) was mixed with ethanol and acetic acid in a 1:2:2 volume ratio [13] . Equal volumes of the PVP+PdCl 2 and the TTIP solutions were mixed for 5 hr in an orbital shaker at 30°C to form the PVP/TTIP electrospinning solution containing 0.0011 wt% PdCl 2 with respect to total mass of the final homogeneous solution.
When the polymer fibers spun from the above solution were calcined, the TiO 2 fibers had 0.5 wt% of Pd elemental composition with respect to other elements in the final TiO 2 fiber. The volatility of Pd is low at temperatures up to 1200K, hence volatility can be neglected and Palladium mass in the fibers can be assumed to be constant. The elemental mass concentration was confirmed on the basis of elemental composition analysis through energy dispersive spectroscopy (EDS). The Pd element was in the form of PdO in the fiber as determined by XRD analysis reported in our previous study [25] .
Similarly 10wt%, 12 wt% and 13 wt% of PVP in the PVP/TTIP solutions were prepared by varying the mass of polymer in the solutions and mixed with the solution of 0.03 grams of PdCl 2 , described above. These solutions produced fibers with varying mass concentrations of Pd (element) with respect to the mass of the fibers. Similarly solutions of 0.05 g and 0.07g PdCl 2 were dissolved in 15 ml of PVP precursors to produce 0.0019 wt% and 0.0026 wt% PdCl 2 in PVP/TTIP solutions respectively, and calcined into fibers with elemental compositions of 1.7wt% and 2.7wt% of Pd. http://www.jeffjournal.org Volume 10, Issue 3 -2015
Electrospinning
The electrospinning process is well described in literature [14] . Figure 1 shows a schematic diagram for single jet electrospinning. The electrospinning solutions were pumped by a syringe pump at 25 µl/min to maintain a small droplet of solution at the tip of a 21 gauge steel needle. The needle was charged to 22 kV and placed 22 cm above a grounded aluminum foil collector.
Characterization

Scan Electron Microscopy (SEM)
The morphologies of the electrospun fibers were examined using a Scanning Electron Microscope (SEM) (FEI Quanta 200) (JEOL JSM-7401F and Hitachi S-2150) using an accelerated voltage of 25 KV. For SEM sample preparation, the fibers were placed upon the specimen stubs. The fibers were sputtered coated with silver (S150B Sputter Coater, Edwards). The magnification was 6000 x. Single specimens were placed inside the chamber and the chamber evacuated to obtain images such as shown in Figures 2-4 . For each different fiber mat, at least 5 different images were analyzed for the fiber diameter distribution and the morphologies. The spun fibers collected on the aluminum foil were heated in air at 600°C for 5 hr to form 100-300 nm diameter submicron titania fibers with and without PdO nanoparticles. The calcination process changed the relative mass proportions of the materials. Figures 2, 3 and 4 show the SEM images of 0.5wt%, 1.7wt% and 2.7wt% elemental Pd loaded TiO 2 fibers respectively. The Fibraquant™ software (nanoScaffold Technologies LLC) was used to measure fiber diameter distributions. The presence of beads was observed in a number of samples. The beads were present in fibers electrospun from lower PVP weight percentage of PVP/TTIP solutions. In Figure 2 , 3 and 4 the beads are more visible for fibers electrospun from 8 and 10 wt% PVP/TTIP precursor solutions and they were nearly absent in cases of 12 and 13 wt% PVP/TTIP precursor solutions. 
Measurement of Solution Properties
The concentrations of the PdCl 2 salt in PVP/TTIP solution affect the fiber morphologies and bead formation through its effect on the electrospinning solution properties.
The solution properties of viscosity, surface tension and electrical conductivity were measured.
Viscosity Measurement
The viscosities of the PVP/TTIP solutions were measured using a Brookfield viscometer. The spindle selected for the electrospinning solutions was number 4 rotated at 20 rpm.
Surface Tension Measurement
A DuNouy Tensiometer (CSC Scientific Co. Inc.) was used to measure the surface tension of the solutions. To measure the surface tension between the liquid and the air, the DuNouy ring was placed below the surface of the liquid and the force required to pull the ring upward through the surface of the liquid was measured.
Electrical Conductivity Measurement
To measure the conductivity, an Orion 3 Star bench top conductivity meter (Thermo Scientific) was used. The electrical conductivity probe was submerged in the solution to the required level for 30 seconds to obtain the reading. The measurement was repeated at least five times to minimize the error for a single sample.
RESULTS AND DISCUSSION Dependence of Solution Viscosity on Solution Composition
The viscosities of the electrospinning solutions changed as the polymer and salt concentrations were varied, as shown in Figure 5 . As expected, as the PVP concentration increased, the viscosity increased significantly. With variations in salt concentration the curves show a decline in viscosity for concentrations from 0 wt% to about 0.001 wt% PdCl 2 followed by an increase in the viscosity for solution concentrations greater than 0.0011 wt% salts. Similar observations are reported in literature [26, 34] . At low salt concentrations the decrease in viscosities may be due to the net increase in charge per unit weight of positive parts of titanium tetra isopropoxide (TTIP) molecules. According to folding chain theory, since there are more positive ions around the negative charges on the TTIP molecule, the effective charge is smaller. As a result, there is less repulsion between parts of the titanium tetra isopropoxide molecule. The molecule coils up and the solution viscosity decreases [35] . However at high salt concentrations the salt ions can cause a stronger network with the PVP molecules to form a gel [36] . The PdCl 2 may help to increase the solubility of PVP in DMF and this can lead to more entanglements in polymer and a more stable network [37] . Also at higher salt concentrations, if some salt particles do not completely dissolve then the mixture forms a slurry and the apparent viscosity can increase due to the presence of particles [38] . http://www.jeffjournal.org Volume 10, Issue 3 -2015
Dependence of Surface Tension on Solution Composition
The variation of surface tension with PVP and Pd concentrations are shown in Figure 6 . The plots of the surface tension versus the PVP concentration are nearly horizontal, indicating the surface tension slightly increased as the PVP concentration increased. The salt concentration had a greater effect on the surface tension than the PVP concentration, with surface tension increasing with increase of salt concentration, and is consistent with literature [32, 39, 40] .
The values plotted in Figure 6 are the average of five replicate measurements and the error bars represent one standard deviation of the five replicates. The error bars show significant overlap between the data points indicating that other phenomena may also have effect on the surface tension. Taken as a whole for the measurements from 0 to 0.0026 wt% loading of PdCl 2 , it appears that the surface tension measurements were all in a narrow range of 26 to 27.5 dyne/cm and mostly were influenced by the PdCl 2 concentrations and not affected significantly by the PVP concentration. 
Dependence of Electrical Conductivity on Solution Composition
The variation of electrical conductivity with PVP and Pd concentrations are shown in Figure 7 . As the PVP concentration increased the conductivity decreased significantly. As the PdCl 2 concentration increased the conductivity increased. The amount of dissociated ion increased the electrical conductivity of solution and at higher PVP concentration it decreased due to the nonionic nature of polymer. Figures 2, 3 and 4 have example images of fiber mats with variations in polymer concentrations and salt concentrations. By inspection of these and similar images the bead concentrations (numbers of beads per area of fiber mat) appeared to be higher for mats electrospun from 8 and 10 wt% PVP/TTIP solutions. Electrospun fibers from 12 and 13 wt% PVP/TTIP solutions had significantly fewer beads in most of the recorded images. The effect of salt and PVP concentration are discussed below. 
Dependence of Fiber Morphology on Solution Composition
Effect of PdCl 2 Concentration
The morphologies of the fibers seemed to be conclusively effected by the salt concentrations that were explored. The combined effect of increasing viscoelastic forces and counteracting Coulombic force with electrostatic force due to increased electrical conductivity significantly affected the bead formation.
The increased Coulombic stretching force with increasing salt content resulted in a reduction in fiber diameter when the viscoelastic force was more or less http://www.jeffjournal.org Volume 10, Issue 3 -2015 constant. In this study the average fiber diameter increased due to viscosity when no salt was present in solution. But the addition of salt reduced the viscosity at salt concentrations less than 0.0011wt%. At concentrations greater than 0.0011wt% the solution viscosity increased.
The decrease in viscosity corresponds to bead formation and a decline in average fiber diameter (discussed later).
Effect of Polymer Concentration
SEM images showed significant numbers of beads were observed on fibers electrospun from lower viscosity solutions. Figure 5 shows that as the PVP concentrations varied from 8 to 13 wt%, the viscosity of the solution significantly increased by a factor of about three. The viscosity governs the stability of the Taylor cone formation in electrospinning [41, 42] . Beads form when the surface tension and viscous forces form an unstable jet and the liquid properties approach those leading to capillary break-up [43] . Since a higher viscosity increases the jet stability due to cohesive nature of polymers, the jets produced smooth fibers mostly free of beads. It is clear from Figures 2 -4 that many beads are present in fibers spun from 8 and 10 wt% PVP/TTIP solutions and few beads formed in fibers spun from the 12 and 13 wt% solutions. The sample image for 13 wt% PVP and 1.7 wt% Pd was an exception that showed some beads were present, but most images at these concentrations did not show beads. The viscosity for solution with salt was not increased at a rate higher than that of the solution without salt. http://www.jeffjournal.org Volume 10, Issue 3 -2015
Fiber Size Distribution
The observed fibers were found to have relatively narrow size distributions. The average fiber diameters were in the range of 180-280nm in all cases. Size distributions, measured using the FibraQuant™ software, are shown in Figures 8-10 .
For 0.5 wt% Pd on fibers the average fiber size was in the range of 200-270nm. Similarly, for 1.7 wt% Pd and 2.7wt% Pd the average fiber diameters were smaller, in the 190-217nm range.
From Figure 11 , the average fiber diameter tended to decrease with increase in PdCl 2 concentration and to increase with PVP concentration. For no salt content, the average fiber diameter increased linearly with PVP concentration. The solultion with 0.0011wt% PdCl 2 salt showed a slight decrease in viscosity with the decrease in electrical conductivity of solution. The combination of decreased viscosity and electrical conductivity caused reduction in viscoelastic force and less charge density which ultimately produced lower fiber diameters. This effect continued to decrease the fiber diameters up to concentrations of 0.0019 wt% PdCl 2 in the PVP/TTIP solutions for all concentrations of PVP. As shown in Figure 5 the solution viscosity increased with PVP and in Figure  7 the effect of electrical conductivity reduced with greater PVP concentrations due to the nonconductive nature of the polymer.
The combination of higher viscosity and lower conductivity affected the final fiber diameters and resulted in more uniform fiber morphologies without beads. From the standard deviations the fiber diameters fell in a narrow range of about 200-500 nm for all of the solutions tested here.
Although the surface tensions increased with salt concentration, the salt concentrations did not significantly impact the average fiber diameter. Table  I summarizes the properties of the electrospinning solutions and the observed average fiber diameters and presence of beads. From inspection of the data it appears the optimum condition for electrospinning beadless PdO/TiO 2 fiber is with a solution viscosity in the range of 52-82 cP which corresponds to a 12%-13% PVP concentration. For no salt content (0 wt% PdCl 2 ), beadless fibers were produced for viscosities greater than 40 cP which corresponds to PVP concentrations greater than 8%. The salt concentration was expected to reduce the average fiber diameter through the effect of salt on the electrical conductivity. However the relation between salt concentration and fiber morphology is complicated through the simultaneous effects on morphology by the polymer concentrations. As a result, the solution viscosity and electrical conductivity interact to determine the resulting fiber size. Increased conductivity with lower viscosity produced beaded fibers even with the addition of salt. The optimum electrical conductivity was 45-80 µs/cm for all salt loaded solutions with 12-13% PVP content to obtain fibers without beads. The average fiber diameter was in the range of 180-280nm. Figure 12 shows a 3D plot of experimental data relating the electrical conductivity and viscosity with fiber diameter. The plot shows lower electrical conductivity favors smaller fibers whereas an intermediate range in viscosity tends to favor smaller fibers. A minimum in the fiber diameter occurs with the solution electrical conductivity in the range of 45-67 µs/cm and the viscosity in the range of 52-80 cP. This finding is important to produce uniform smaller fibers and to minimize production costs. FIGURE 12 . 3D plot of average fiber diameter, viscosity and electrical conductivity. The legend is color coded to fiber diameters (nm).
CONCLUSION
The effects of salt and polymer concentrations on the morphologies of electrospun TiO 2 fibers with PdO particles were studied in this work. The results show that the PVP polymer and PdCl 2 salt concentrations significantly affected the solution viscosities and electrical conductivities but not the surface tensions. The solution viscosity and electrical conductivity in turn affected the fiber morphologies. The proper combination of these two properties is necessary to synthesize TiO 2 submicron fibers without beads. Lower viscosity and lower electrical conductivity tend to produce fibers with beads and vice versa. In this work, 12 to 13 wt% PVP produced smooth fibers with few beads and average fiber diameters in a range of 180-280 nm.
